ABSTRACT: Two, 120-d, experiments were conducted to determine the effects of standardized ileal digestible (SID) lysine (Lys), added Cu (tribasic copper chloride, Intellibond C; Micronutrients, Inc., Indianapolis, IN), and duration of Cu supplementation on growth performance, carcass characteristics, and fat quality in finishing pigs. In Exp. 1, 1,248 pigs (PIC 337 × 1050; initially 29.0 kg) were allotted to one of six dietary treatments, balanced on average pen weight in a randomized complete-block design with 26 pigs per pen and eight replications per treatment. Treatments were arranged in a 3 × 2 factorial with main effects of SID Lys (85, 92.5, and 100% of the estimated requirement) and added Cu (0 or 150 mg/ kg). There were no Cu × SID Lys interactions observed for growth performance or liver Cu concentrations. Increasing SID Lys increased (linear, P < 0.05) ADG, feed efficiency (G:F), final weight, and HCW. Pigs fed 150 mg/kg added Cu had marginally increased (P < 0.10) ADG, G:F, and final weight. Liver Cu concentrations were greater (P = 0.001) in pigs fed added Cu. A marginal Cu × Lys interaction (P = 0.052) was observed for jowl fat iodine value (IV) as increasing SID Lys in pigs fed added Cu increased IV, but decreased IV in pigs not fed added Cu. For Exp. 2, 1,267 pigs (PIC 337 × 1,050; initially 26.4 kg) were allotted to one of eight dietary treatments arranged in a split-plot design. Whole-plot treatments included SID Lys (92.5 or 100% of the estimated requirement) and within each Lys level, there was a 2 × 2 factorial arrangement of treatments with either 0 or 150 mg/ kg added Cu and two feeding durations (60 or 120 d). Added Cu did not affect growth performance. Pigs fed 100% of the SID Lys requirement had increased (P < 0.05) ADG, G:F, and final weight compared with those fed 92.5%. A Cu × SID Lys interaction (P < 0.05) was observed for carcass yield and backfat depth. Pigs fed 92.5% SID Lys had increased carcass yield and decreased backfat depth with added Cu; however, pigs fed 100% SID Lys had decreased carcass yield and increased backfat depth with added Cu. Hot carcass weight was increased (P < 0.05) by feeding 100% SID Lys and was marginally (P < 0.10) increased by adding Cu to the diets. In summary, the growth response to added Cu was inconsistent between experiments; however, increasing SID Lys improved growth performance and carcass characteristics.
INTRODUCTION
Adding pharmalogical levels of Cu to finishing diets has shown increased ADG and ADFI during the early finishing periods, but this response has been less consistent when fed during late finishing periods (Davis et al., 2002; Hastad, 2002; Carpenter et al., 2017) . Hastad (2002) reported that adding 200 mg/kg Cu did not promote growth performance past 61 kg. However, Davis et al. (2002) observed improvements in ADG and feed efficiency (G:F) beyond 68 kg BW. Coble et al. (2017) observed that Cu fed in the form of copper sulfate (CuSO 4 ) or tribasic copper chloride (TBCC; Intellibond C; Micronutrients, Inc., Indianapolis, IN) potentially offered growth benefits longer into the finishing period, increasing ADFI and G:F in pigs heavier than 88 kg BW. However, this improvement was observed in pigs fed diets formulated 0.05 percentage unit below the estimated standardized ileal digestible (SID) Lysine (Lys) requirement. Previous research evaluating the effect of SID Lys level on the response to added Cu in finishing pigs is not available. Rochell et al. (2017) observed that broilers fed a low digestible Lys diet (1.00%) had greater improvements in ADFI and ADG with 200 mg/kg of added Cu from TBCC compared with broilers fed a high digestible Lys diet (1.20%). They also observed that nitrogen digestibility was increased in chicks fed the low Lys diet with TBCC, but not in the high Lys diet. Other studies have observed improvements in fat and energy digestibility with added Cu in nursery pigs (Luo and Dove, 1996; Gonzales-Eguia et al., 2009) , as well as increased nitrogen digestibility in finishing pigs (Kim et al., 2006) . Thus, it is important to understand if adding Cu allows for using lower SID Lys in finishing diets without compromising pig growth performance and how feeding duration of Cu may affect the growth response. Therefore, these experiments were designed to investigate the effects of dietary SID Lys with or without 150 mg/kg added Cu from TBCC, and the duration of feeding added Cu, on finishing pig growth performance, carcass characteristics, and fat quality.
MATERIALS AND METHODS
All experimental procedures and animal care were approved by the Kansas State University Institutional Animal Care and Use Committee.
General
Two, separate, 120-d experiments were conducted in a commercial research facility in southwestern Minnesota. The facility was double-curtain sided with completely slatted concrete flooring. The barn contained 48 pens (3.05 × 5.49 m) equipped with a five-hole conventional dry selffeeder (Thorp Equipment, Thorp, WI) and a cup waterer providing ad libitum access to feed and water. The facility was equipped with a computerized feeding system (FeedPro; Feedlogic Corp., Willmar, MN) that delivered and recorded daily feed additions of the diets to each pen.
Before day 0, pigs were fed a common diet for 7 d containing 205 and 188 mg/kg Cu from TBCC (Intellibond C; Micronutrients Inc.) in Exp. 1 and 2, respectively. Samples of experimental diets were obtained by collecting samples at the feeder 2 d after initiating and 2 d prior to completing each dietary phase. Samples were combined for a composite sample of each treatment diet during each phase. Samples were analyzed in duplicate for total Cu (985.01, AOAC International, 2000; Cumberland Valley Analytical Services, Hagerstown, MD) , and total amino acids (method 994.12; AOAC Int., 2012), and CP (method 990.03; AOAC Int., 2012) at Ajinomoto Heartland, Inc. (Eddyville, IA). On day 0, pens of pigs were weighed and allotted to dietary treatments in a randomized complete-block design, with initial pen weight serving as the blocking factor.
Pens of pigs were weighed and feed disappearance was recorded approximately every 3 wk to determine ADG, ADFI, G:F, and metabolizable and net energy caloric efficiency. In Exp. 1, the heaviest three pigs in each pen were weighed and marketed on day 97 according to standard farm protocol. In Exp. 2, the heaviest five pigs were weighed and marketed on day 101. These pigs were used in calculation of pen growth performance, but not carcass characteristics. The remaining pigs were marketed on day 120 in each experiment. Before marketing, final pen weights were taken and pigs were individually tattooed with a pen identification number to allow for carcass measurements to be recorded on a pen basis. Pigs were then transported to a commercial processing packing plant in southwestern Minnesota (JBS Swift and Company, Worthington, MN) for processing and carcass data collection. Twelve hours after final pen weights were taken, HCW was measured immediately after evisceration and each carcass evaluated for carcass yield, backfat depth, loin depth, and percentage lean. Carcass yield was calculated by dividing the HCW at the plant by the live weight at the farm prior to transport to the plant. Fat depth and loin depth were measured with an optical probe inserted between the third and fourth last rib (counting from the ham end of the carcass) at a distance approximately 7 cm from the dorsal midline. Hot carcass weight ADG was calculated by subtracting initial HCW (assumed to be 75% of live weight) from the final HCW obtained at the plant, then divided by the 120 d on test. Hot carcass weight G:F was calculated by dividing HCW gain by feed intake over the 120 d experiments.
Experiment 1
A total of 1,248 pigs (PIC 337 × 1,050, Hendersonville, TN; initially 29.0 kg) were allotted to one of six dietary treatments with 26 pigs (similar numbers of barrows and gilts) per pen and eight replications per treatment. Treatments were arranged in a 2 × 3 factorial with main effects of added Cu from TBCC (0 or 150 mg/kg) and SID Lys (85, 92.5, or 100% of the estimated requirement based on modeled response to Lys from previous experiments in this facility (Main et al., 2008; Shelton et al., 2012 , Goncalves et al., 2015 . All diets were corn-soybean meal-based with 30% distillers dried grains with solubles (DDGS) and 15% bakery meal and contained 17 mg/kg of Cu from CuSO 4 provided by the trace mineral premix. Treatment diets were fed in five phases (Tables 1 and 2 ). During the last phase, all diets contained 10 mg/kg ractopamine HCl (Paylean; Elanco Animal Health, Inc., Greenfield, IN).
On day 120 when pigs were marketed, three individual pigs per pen were identified to represent the mean individual pig weight of the pen and transported to a small commercial packing plant in northwestern Iowa (Natural Foods Holdings, Inc., Sioux City, IA) for measuring liver mineral concentrations along with backfat and jowl fat samples. Pigs were slaughtered 12 h after final pen weights were taken at the farm. The entire liver was obtained from the pluck for sampling and objective color scoring. Prior to sampling, a MiniScan EZ (Model 4500L; Hunter Associates Laboratory, Reston, VA) was used to determine L*, a*, and b* color values to indicate lightness, redness, and yellowness, respectively, by taking three scans of each liver and obtaining and average for each color value. From these values, hue angle and chroma were calculated to describe the blemish or taint of color and saturation of color, respectively. Samples of the liver were then collected from the top left lobe immediately after pigs were eviscerated, placed on dry ice, and shipped to Michigan State University for analysis. At Michigan State University, liver samples were microwave digested (MARS 5; CEM Corp., Matthews, NC) in 10 mL of HNO 3 and then in an addition 2 mL of H 2 O 2 . Samples were then brought to the desired volume for analysis by flame atomic absorption spectrophotometry according (Shaw et al., 2002 ; UNICAM 989 Solar AA Spectrometer, Thermo Elemental Corp., Franklin, MA). Fat samples were taken from pigs 1 h after slaughter from the jowl and 10 th rib (all three layers), placed on dry ice, and shipped to the University of Georgia for complete fatty acid analysis. Fatty acid analysis was determined by gas chromatography (model 14 A, Shimadzu, Tokyo, Japan) described by Cromwell et al. (2011) . Iodine value was calculated for the fat samples using the following equation (AOAC, 1998) 
Experiment 2
A total of 1,267 pigs (PIC 337 × 1,050 PIC, Hendersonville, TN; initially 26.4 kg) were allotted to one of eight dietary treatments with 26 to 27 pigs (similar numbers of barrows and gilts) per pen with six replications per treatment. Treatments were arranged in a split-plot design with whole-plot treatments of SID Lys (92.5 or 100% of estimated requirement). Within each level of Lys, there was a 2 × 2 factorial arrangement with main effects of Cu (0 or 150 mg/kg from TBCC) and duration (60 or 120 d). All diets were corn-soybean mealbased with 30% DDGS and contained 17 mg/kg Cu from CuSO 4 provided by the trace mineral premix. Treatment diets were fed in five phases (Tables 3  and 4 ). During the last phase, all diets contained 5 mg/kg ractopamine HCl (Paylean; Elanco Animal Health, Inc.).
Statistical Analysis
Data from both Exp. 1 and 2 were analyzed separately using the MIXED procedure of SAS (SAS Institute, Inc., Cary, NC) as a randomized complete-block design with pen serving as the experimental unit. Weight block was included in both models as a random effect. Residual assumptions were checked using standard diagnostics on studentized residuals. The assumptions were reasonably met in both experiments. For Exp. 1, linear and quadratic contrasts were tested to determine if SID Lys affected the response to added Cu. When Lys × Cu interaction was significant, pairwise comparisons for added Cu within SID Lys were determined to describe the interaction. The main effect of Cu and linear and quadratic effects of SID Lys were also tested.
For Exp. 2, the three-way interaction of early Cu (0 or 150 mg/kg Cu from day 0 to 60) × Late Cu (0 or 150 mg/kg Cu from day 60 to 120) × SID Lys and two-way interactions of Early Cu × SID Lys, Late Cu × SID Lys, and Early Cu × Late Cu were tested but were not significant (P > 0.10). Therefore, the interaction of Cu × SID Lys, main effect of Cu, and main effect of SID Lys for the overall period were tested and reported.
For Exp. 1 and 2, backfat depth, loin depth, and lean percentage were adjusted to a common HCW for analysis. Results from the experiments were considered significant at P ≤0.050 and marginally significant at P >0.050 and P ≤0.100. 
RESULTS

Diet and Ingredient Analysis
In both Exp. 1 and 2, the analyzed total Cu concentrations were similar to expected values and within acceptable limits, given the Cu level provided by the trace mineral premix and the exogenous copper from the ingredients (AAFCO, 2014; Tables 5   and 6 ). For Exp. 1, diets with no additional Cu, ranged from 25 to 56 mg/kg total Cu. Diets with 150 mg/kg added Cu ranged from 178 to 246 mg/ kg total Cu. For Exp. 2, diets with no additional Cu, ranged from 28 to 42 mg/kg total Cu and 201 to 272 mg/kg total Cu when 150 mg/kg Cu was included. Phase 5 diets for Exp. 2 were not available for analysis. For amino acid analysis, diets had analyzed amino acid values similar to expected when observed across all phases within treatment for both Exp. 1 and 2. As SID Lys increased, total Lys concentrations increased, as well as the other amino acids as expected; suggesting that the diet formulation successfully created the Lys gradient intended by the design of the experiment.
Experiment 1
From day 0 to 70, SID Lys affected the response to Cu for ADG (Cu × Lys interaction, linear, P = 0.034; Table 7 ). This was due to the significant increase (P = 0.003) in ADG with added Cu when pigs were fed 100% of the estimated SID Lys requirement, while there was no Cu response within the 85 or 92.5% SID Lys treatments. Similarly, SID Lys marginally affected the ADFI response to Cu (Cu × Lys interaction, quadratic, P = 0.095) as pigs fed added Cu and 100% SID Lys had increased ADFI (P = 0.019) compared with those not fed added Cu. As expected, G:F improved as SID Lys increased (linear, P = 0.001). From day 70 to 120, neither Cu or SID Lys affected ADG, ADFI, or G:F. Overall (day 0 to 120), adding Cu to the diet marginally increased (P < 0.10) ADG and G:F. Average daily gain and G:F increased as SID Lys increased (linear, P = 0.001). These differences led to an increase in final weight with added Cu (P = 0.006) and increasing SID Lys (linear, P = 0.001). Caloric efficiency on both a metabolizable and net energy basis marginally improved (P < 0.05) when Cu was added to the diet and improved (P < 0.001) as SID Lys increased.
For carcass characteristics, increasing SID Lys increased (linear, P = 0.007) HCW by over 2 kg, or almost 3%, in pigs fed 100% of their estimated SID Lys requirement compared with those fed only 85% (Table 8 ). The Cu response for loin depth was marginally influenced by SID Lys (Cu × Lys linear; P = 0.068) as pigs fed increasing SID Lys with added Cu had an increase in loin depth, whereas pigs not fed supplemental Cu did not. Standardized ileal digestible Lys also marginally affected percentage lean only when Cu was included in the diet (Cu × Lys quadratic, P = 0.057), specifically within the 92.5% SID Lys treatment. Evaluating performance on a HCW-basis showed that hot carcass ADG and G:F improved (linear, P < 0.05) as the SID Lys increased. For liver color, added Cu led to a decrease (P = 0.027) in a*, suggesting that Cu decreased the redness of the liver (Table 8 ). The a* value also marginally decreased (linear, P = 0.097) as SID Lys increased. Furthermore, Cu marginally decreased (P = 0.071) chroma, or the intensity of the liver color. Adding 150 mg/kg Cu increased liver Cu concentrations (P = 0.001) by 19 mg/kg, and marginally decreased liver Zn concentrations (P = 0.095; Table 8 ). As SID Lys increased, liver concentrations of Cu (quadratic, P = 0.092) and Zn (linear, P = 0.099) marginally decreased. For backfat fatty acid profile, no evidence of main effects of Cu, Lys, or their interaction (P > 0.10) was observed for major fatty acids, specifically palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1 cis-9), and linoleic acid (C18:2n-6; data not shown). To this, these small changes in fatty acid composition did not influence the backfat IV ( Table 8) . As a result, IV of the 10 th rib backfat samples was not affected by treatment.
For fatty acid concentrations of jowl samples, total saturated fatty acids decreased in pigs fed added Cu as SID Lys increased but were relatively unchanged in pigs fed no added Cu (Cu × Lys linear, P = 0.019; data not shown). These were the results of decreasing stearic acid (C18:0) concentration as SID Lys increased with added Cu compared with no added Cu. These differences are also partly responsible for the tendency for jowl IV to increase in pigs fed added Cu and increasing SID Lys (Cu × Lys linear, P = 0.052) compared with the reduction in jowl IV with increasing SID Lys in pigs fed no added Cu (Table 8) .
Experiment 2
For any of the measured responses, no threeway interactions for early Cu × late, Cu × SID Lys, or two-way interactions for early Cu × SID Lys, late Cu × SID Lys, or early Cu × late Cu were observed (P > 0.10).
For growth performance during the early finishing period (day 0 to 60), there was a Cu × SID Lys interaction for ADFI (P = 0.023; Table 9 ). This was the result of pigs fed 100% of the estimated SID Lys requirement having increased ADFI with added Cu, whereas pigs fed 92.5% of the estimated SID Lys requirement had decreased ADFI with added Cu. For the main effect of SID Lys from day 0 to 60, pigs fed 100% of the estimated SID Lys requirement had increased (P < 0.05) ADG compared with pigs only fed 92.5% of the estimated SID Lys requirement. During the late finishing period (day 60 to 120), pigs fed 100% of the estimated SID Lys requirement had increased (P < 0.05) ADG, final BW, and G:F compared with pigs fed 92.5% of the estimated SID Lys requirement.
Overall (day 0 to 120), there were no Cu × SID Lys interactions for growth performance or caloric efficiency. Pigs fed 100% of the estimated SID Lys requirement had increased (P < 0.05) ADG and G:F compared to pigs fed 92.5% of the estimated SID Lys requirement. Furthermore, pigs fed 100% of the estimated SID Lys requirement had improved (P < 0.05) caloric efficiency on both an ME and NE basis.
For carcass characteristics, there was a Cu × SID Lys interaction (P < 0.022) for carcass yield and backfat (Table 10 ). This was the result of pigs fed 100% of the estimated SID Lys requirement having increased backfat and a moderate reduction in carcass yield with added Cu, whereas pigs fed 92.5% of the estimated SID Lys requirement had an increase in carcass yield and reduction in backfat with added Cu. Furthermore, Cu tended to influence the response to SID Lys for hot carcass G:F (P = 0.071) as pigs fed 100% of the estimated SID Lys requirement had no change in hot carcass G:F with added Cu; however, pigs fed 92.5% of the estimate SID Lys requirement had a 3.5% increase in hot carcass G:F with added Cu. For the main effect of SID Lys, pigs fed 100% of the estimated SID Lys requirement had increased (P < 0.05) HCW and hot carcass ADG compared to pigs fed 92.5% of the estimated SID Lys requirement. Pigs fed added Cu had reduced carcass yield (P = 0.048) but tended to have increased (P < 0.10) HCW as well as hot carcass ADG, and G:F compared to pigs fed no added Cu.
DISCUSSION
The purpose of these two experiments were to first, determine if SID Lys could be reduced in diets containing added Cu without negatively affecting growth performance, and second, determine the duration of added Cu supplementation that results in the maximum response. The estimated SID Lys requirements used in the present study were based on the results of a previous study that was completed in the same facility with pigs of a similar genotype. This is supported by the improvement in pig growth performance as dietary SID Lys increased. While the current study was successful at reporting improvements in growth performance with increasing SID Lys, added Cu did not provide a response when SID Lys was limiting. Furthermore, added Cu did not influence growth in Exp. 2, when efforts were focused on determining the optimal duration of feeding added Cu.
To our knowledge, the first research to evaluate dietary amino acid by TBCC interactions was completed by Rochell et al. (2017) in broilers. They fed broilers diets containing two concentrations of digestible Lys (1.00 or 1.20%) and two levels of added Cu (0 or 200 mg/kg) from TBCC. They reported that broilers fed the low digestible Lys had greater improvements in ADG and ADFI in response to 200 mg/kg added Cu from TBCC compared with broilers fed high digestible Lys. In addition to the improvements in growth, they also reported that nitrogen and DM digestibility were each increased by nearly 4% in broilers fed 200 mg/kg of added Cu in the low Lys diet. Furthermore, they observed that the amino acid digestibility for various essential amino acids was improved in the low Lys diet with added Cu, but not in high Lys diet. Specifically, apparent ileal digestibility of most of the indispensable amino acids was increased by at least 1.5%. While Rochell et al. (2017) , to our knowledge, currently has the only published data to investigate 3 SID Lys values are expressed as the percentage of estimated SID Lys requirement for these pigs in this environment and production stage.
4 1,069 pigs (19 to 23 pigs/pen) were transported to a commercial packing plant for processing and data collection (Swift and Company, Worthington, MN) and 144 pigs (three pigs/pen) visually assumed to represent the mean live weight of the pen were subsampled and shipped to a separate processing facility for further carcass measurements (Natural Foods Holdings, Inc., Sioux Center, IA). The weighted average of the two plants were used for HCW, farm yield, and backfat. 5 Carcass yield determined by dividing HCW at the plant by live BW at the farm prior to transport.
6 HCW was used as a covariate. 7 Effect of Cu within 100% SID Lys: P = 0.063. 8 Effect of Cu within 92.5% SID Lys: P = 0.062. 9 HCW ADG = (HCW -(day 0 wt × 75% yield)) ÷ 120 d.
10 HCW G:F = (HCW -(day 0 wt × 75% yield)) ÷ (ADFI × 120).
11 Samples were collected from three pigs from each pen.
12 L*, 0 = black, 100 = white. the interaction between Cu and Lys, others have investigated the effects of Cu on digestibly in diets formulated to the pigs Lys requirement. GonzalesEguia et al. (2009) investigated the effects of 50 mg/ kg of Cu from nanoCu (CuSO 4 and SiO 2 processed and ground to particle size <200 µ; 37.38% Cu) and CuSO 4 (400 to 1,000 µ; 25.4% Cu) on nutrient digestibility in growing pigs (30 to 65 kg). They reported that DM, CP, and mineral digestibility were not affected by added Cu or Cu source. However, crude fat and GE digestibility was increased by at least 3.5% for either copper source. They further reported that nanoCu increased crude fat digestibility more than CuSO 4 , but suggested this was due to particle size. In contrast, Kim et al. (2006) reported that 60 mg/kg added Cu from CuSO 4 decreased DM digestibility by 3% and increased nitrogen digestibility by at least 2.5%. One difference between Gonzales-Eguia et al. (2009) and Kim et al. (2006) was that the latter observed their responses in pigs greater than 65 kg BW, whereas Gonzales-Eguia et al. (2009) used pigs between 30 and 65 kg. Based on the results of Rochell et al. (2017) , Coble et al. (2017) investigated the effects CuSO 4 and TBCC in diets containing high amounts of DDGS and wheat middlings formulated to 0.05% unit below the estimated SID Lys requirement in growing and finishing pigs. They observed that adding supplemental Cu in the form of TBCC or CuSO 4 improved growth into the finishing phase than previously reported Hastad, 2002 . Thus, it was important to determine if there was an interaction between SID Lys and added Cu, and the duration of feeding. This was of scientific importance and economic importance, as the potential to decrease amino acid concentrations in diets without negatively affecting performance has benefits for swine producers and decreasing N excretion. Although we did not measure nutrient digestibility in the current studies, the growth data suggest that digestibility of neither nitrogen nor energy was likely improved with added Cu as Rochell et al. (2017) and Gonzales-Eguia et al. (2009) suggested. Differences between the current study and those previously mentioned do exist which could explain why the results are not similar. The current study was completed in older, heavier pigs, and utilized a diet with high amounts of byproduct ingredients. Rochell et al. (2017) used diets for broilers with low amounts of DDGS and 2.6 to 3.8% soybean oil. Gonzales-Eguia et al. (2009) fed diets containing 2.4% soybean oil, did not include byproduct ingredients, and utilized younger pigs than in the present study. However, our results that adding Cu does not interact with SID Lys concentration of the diet.
The lack of an overall growth response to added Cu in Exp. 2 is in agreement with other studies when feeding additional Cu does not always affect growth rate or feed efficiency during the late finishing period (Davis et al., 2002; Hastad, 2002; Carpenter et al., 2017) ; further challenging the ability to determine an optimal duration of supplementation. Hastad (2002) reported that 200 mg/kg added Cu only improved growth performance until pigs were only 61 kg, whereas Davis et al. (2002) observed improvements in ADG and G:F beyond 69 kg BW. The elongated Cu response reported by Davis et al. (2002) might be related to fat digestibility. They utilized diets that contained 5% added fat, in addition to 175 mg/kg of added Cu. Luo and Dove (1996) reported that adding 250 mg/kg of Cu increased fat digestibility in nursery pigs when 5% added fat was included in the diet. However, more research is needed to understand how diet ingredient and nutrient composition may affect the response to added Cu throughout the finishing period. Although the growth performance in Exp. 2 did not provide the intended answers for determining the optimal duration of feeding, the observed improvement in carcass performance with 150 mg/ kg added Cu is consistent with the other research that demonstrated improvements with added Cu (Zhao et al., 2014; Coble et al., 2017) .
As expected, increasing SID Lys improved ADG, G:F, and HCW in both experiments. Overall across experiments, ADG and G:F were increased by 3.3 and 2.5%, respectively. During the early finish period from 26 to 78 kg, the relative change between the low and high SID Lys treatments were similar to the results reported by Main et al. (2008) . However, during the late finishing period, Main et al. (2008) reported more significant changes in ADG and G:F to increasing SID Lys (over 6% reduction). One possible reason for this difference is, unlike Main et al. (2008) , pigs in the present studies were fed ractopamine HCl in the last phase of production. As TBCC is green in color, determining the potential for TBCC to affect internal body tissue color, such as the liver where Cu is stored, and negatively impact offal value is important. While adding Cu in the form of TBCC did decrease the redness and color saturation of the livers, the current study suggests that liver color is only minimally impacted and should not decrease the potential value. In our study, increasing SID Lys reduced liver redness which would be similar to the response Apple et al. (2004) observed in other tissues. Ultimately, the small changes in liver color that we observed would not be detectable by the human eye, even though instrumentally there are differences (T. Houser, Kansas State University, Manhattan, personal communication).
The liver stores about 8 to 10% of the total Cu in tissue and serves as a sink for Cu (Luza and Speisky, 1996; Hill and Spears, 2001) . Feeding high levels of Cu can increase liver Cu concentrations. The slight increase in liver Cu concentrations (approximately 20 mg/kg) for pigs fed 150 mg/kg added Cu from TBCC is consistent with others who fed higher levels of TBCC (Cromwell et al., 1998; Miles et al., 1998) .
Lastly, the current experiment also measured the differences in carcass fatty acid composition in both jowl and backfat. Earlier published research suggested that increasing dietary Cu increased the amount of unsaturated fatty acids (primarily C16:1 and C18:1) while decreasing the amount of saturated fatty acids (C16:0 and C18:0; Elliot and Bowland, 1968) . Although recently published literature is scarce, determining if carcass fat quality is influenced by dietary Cu is important as many packers have quality requirements related to IV. Surprisingly, backfat IV increased with increasing SID Lys and added Cu, but that response was not observed when diets did not contain added Cu. This was the result of a reduction in C18:0 with added Cu, decreasing the concentration of saturated fatty acids, which is consistent with Elliot and Bowland (1968) . As a result of increasing SID Lys, CP content of the diet increased, which has also been shown to decrease the amount of saturated fatty acids and increase polyunsaturated fatty acids (Tous et al., 2014) , consistent with the results observed in the present study. While these changes are important, the carcass IV for both depots measured were relatively high, likely related to the amount of byproduct ingredients used in formulation that contain high amounts of unsaturated fatty acids (Salyer et al., 2012; Asmus et al., 2014; Wu et al., 2016) .
In conclusion, feeding an additional 150 mg/ kg Cu from TBCC in diets for finishing pigs did not result in improved performance when fed in diets deficient in SID Lys. However, feeding added Cu in diets at the estimated SID Lys requirement, improved growth performance in Exp. 1, and increased hot carcass ADG and G:F were observed in Exp. 2. Together, these data showed inconsistencies in the growth response to added dietary Cu, similar to other published research. Additionally, more data are needed to understand the impacts of Cu supplementation on nutrient digestibility in growing-finishing pigs, and if the response is potentially impacted by diet type. More data are needed to investigate the effects of adding high levels of Cu in finishing pig diets, especially for its mode of action.
